BACKGROUND-Topiramate increases GABAergic activity and antagonizes the AMPA/ kainate subtype of glutamate receptors. Through these mechanisms of action, topiramate may reduce alcohol and cocaine reward and may reduce alcohol and cocaine craving. Topiramate has been shown to reduce drinking in persons with alcohol dependence, and reduce relapse in stimulant-dependent patients. The current trial was intended to test the ability of topiramate to promote cocaine and alcohol abstinence among patients addicted to both drugs.
INTRODUCTION
The co-occurrence of cocaine and alcohol dependence is common and patients suffering from both disorders are extremely difficult to treat. Studies have shown that 60-80% of cocaine dependent patients are also alcohol dependent (Carroll et al., 1993; Regier et al., 1990) . Patients with both cocaine and alcohol dependence tend to have more psychosocial problems and worse treatment outcomes compared to patients addicted to either cocaine or alcohol alone (Brady et al., 1995; Carroll et al., 1993; Heil et al., 2001; Walsh et al., 1991) . The combined use of alcohol and cocaine is fostered by a variety of factors including both conditioning (Wallace, 1989) and pharmacodynamic interactions between cocaine and alcohol (McCance-Katz et al., 1993) . Thus, treatments aimed specifically at reducing either cocaine use or alcohol use alone may be inadequate and the best strategy for treating cocaine and alcohol dependent patients may be one that targets both addictions simultaneously.
Topiramate is a promising medication for either alcohol or stimulant dependence. Topiramate is an anticonvulsant medication with several different mechanisms of action. Topiramate increases cerebral levels of GABA and facilitates GABA neurotransmission through a non-benzodiazepine-associated binding site on the GABA A receptor (Kuzniecky et al., 1998; Petroff et al., 1999; White et al., 1997) . By increasing GABAergic activity in the nucleus accumbens, topiramate may reduce the dopamine release associated with cocaine or alcohol use and reduce the reinforcing effects of cocaine and alcohol. In addition, topiramate inhibits glutamate neurotransmission through a blockade of AMPA/kainate receptors (Gibbs et al., 2000) . This may reduce craving for alcohol and cocaine associated with exposure to conditioned cues. In animal models of cocaine relapse, topiramate's blockade of AMPA receptors in the nucleus accumbens prevented reinstatement of cocaine self-administration (Cornish and Kalivas, 2000) . Cocaine-dependent patients who experience cocaine withdrawal symptoms report a greater "high" from experimentallyadministered cocaine (Newton et al., 2003; Sofuoglu et al., 2003; Uslaner et al., 1999) . Therefore, a reduction in euphoria produced by topiramate may be particularly helpful in cocaine and alcohol dependent patients with more severe cocaine withdrawal symptoms.
In two placebo-controlled clinical trials, topiramate promoted abstinence from alcohol by reducing heavy drinking days among alcohol-dependent individuals (Johnson et al., 2003 (Johnson et al., , 2007b . Topiramate was also efficacious in promoting stimulant abstinence in three placebocontrolled trials of stimulant dependence treatment. First, in a 13-week pilot trial, topiramate reduced relapse to cocaine use in 40 cocaine dependent patients (Kampman et al., 2004) . Levin and colleagues showed that the combination of topiramate and mixed amphetamine salts was more effective in promoting cocaine abstinence in patients with more severe cocaine dependence, defined as having more cocaine use days in the month prior to entering the trial (Mariani et al., 2012) . Finally, Elkashef and colleagues found that topiramate reduced methamphetamine use and reduced the relapse rate in methamphetamine-dependent patients who attained a period of abstinence prior to starting topiramate (Elkashef et al., 2012) .
METHODS

Subjects
The subjects were 170 DSM-IV cocaine dependent men and women drawn from treatmentseeking cocaine users between the ages of 18 and 70. Drug dependence diagnoses were obtained using the Structured Clinical Interview for DSM IV (SCID-IV) (First, 1996) . Other psychiatric diagnoses were obtained using the Mini International Neuropsychiatric Interview (MINI; Sheehan et al., 1998) . In the 30 days prior to study entry, subjects used no less than $200-worth of cocaine and met the following drinking criteria as measured by the Timeline Followback (TLFB; Sobell, 1995) : a. drank within 30 days of intake day, b. reported a minimum of 48 standard alcoholic drinks (avg. 12 drinks/wk) for women and 60 standard drinks (15 drinks per week) for men in a consecutive 30-day period over the 90-day period prior to starting intake, and c. had 2 or more days of heavy drinking (defined as 5 or more drinks per day in males and 4 or more drinks per day in females) in this same pre-treatment period.
Medical screening included a complete medical history and physical examination conducted by a certified nurse practitioner. Baseline laboratory testing included a chemistry screen, complete blood count, urinalysis, and a 12 lead EKG. Women received urinary pregnancy testing prior to starting medications, and at monthly intervals throughout the study. Chemistry screening, CBC, urinalysis and EKG were repeated at the end of the trial. Liver function tests and carbon dioxide levels were obtained monthly during the trial.
Subjects with current dependence (DSM-IV criteria) on any additional drug except nicotine and cannabis were excluded. Psychiatric exclusion criteria included psychosis, dementia, and the use of other psychotropic medications. Medical exclusion criteria included unstable medical illnesses, impaired renal function, and a history of hypersensitivity to topiramate. Subjects with a history of kidney stones or subjects taking carbonic anhydrase inhibitors or any other antiepileptic drug were excluded from the study.
Procedures
Subjects were treatment-seeking cocaine and alcohol users recruited at the University of Pennsylvania Treatment Research Center (TRC). The TRC recruits through advertisement in the local media as well as through professional referrals. All subjects signed informed consent prior to participation in the trial, after an investigator explained to them the study procedures. The study was reviewed and approved by the Institutional Review Board (IRB) of the University of Pennsylvania. Subjects were reimbursed $5.00 at each visit for completing all research procedures; at the last visit of the medication phase of the trial and at the follow up visit they received $25.00 because of the greater number of research procedures done at those two visits. Subjects received an additional $5.00 each week for returning the previous week's medication package in order to facilitate the pill-count compliance check. If needed, two transit tokens were provided at each visit.
Eligible subjects entered a baseline phase during which all pretreatment measures were obtained and subjects began psychosocial treatment. The baseline phase could last up to three weeks during which time subjects were required to attain baseline abstinence from cocaine and alcohol. This was defined as three consecutive days of abstinence from cocaine and alcohol, determined by self-reports and confirmed by negative urine drug screens, a negative breathalyzer tests, and collateral report, a Clinical Institute Withdrawal Scale for Alcohol (CIWA-AR; Sullivan and Sellers, 1989 ) score below eight. Eligible subjects were then randomized to receive either topiramate or placebo. The dose was titrated to 300 mg daily following the schedule shown in Table 1 . Subjects attended the clinic three days per week.
The Investigational Drug Service of the University of Pennsylvania prepared study medication by overencapsulating topiramate tablets and preparing identical appearing placebo capsules. Capsules were placed in blister packs with each day's dose clearly marked. Medications were dispensed by a nurse practitioner each week and the previous week's blister pack was collected. Compliance was measured by pill count. None of the dose ingestions were observed in the clinic.
In addition to medication or placebo, subjects received weekly individual cognitivebehavioral relapse prevention therapy utilizing a Cognitive-Behavioral Coping Skills Therapy (CBT) manual. The CBT therapy manual and supporting materials were developed for the National Institute on Alcohol Abuse and Alcoholism Project MATCH (Kadden, 1992) . The basic format was accepted, although specific procedures were adapted for treatment of comorbid cocaine dependence by our group. Master's level therapists with additional training in CBT provided therapy.
Measures
Self-reported alcohol and cocaine use were measured using the Timeline Followback (Sobell, 1995) . Self-reported cocaine use was verified by qualitative urine benzoylecgonine tests (UBT) obtained thrice weekly. Urine collection was monitored by temperature checks. Samples less than 90 degrees, or greater than 100 degrees Fahrenheit were considered invalid and were not accepted. Samples were analyzed for benzoylecgonine by fluorescent polarization assay. Samples containing equal to or greater than 300 ng/ml of benzoylecgonine were considered to be positive.
Treatment retention was determined by attendance at research visits. Subjects were considered dropouts if they stopped attending research visits and did not return within the 14 weeks of the trial. Severity of addiction-related problems was measured by the Addiction Severity Index (ASI; McLellan, 1992) administered at baseline and three more times during the trial. The study nurse practitioner rated overall improvement weekly using the Clinical Global Impression Scale (CGI; Guy, 1976) . The Minnesota Cocaine Craving Scale (MCCS) was used to measure cocaine craving intensity (MCCS-I), cocaine craving frequency (MCCS-F) and cocaine craving duration (MCCS-D) (Halikas et al., 1991) . Alcohol craving was measured weekly using the Penn Alcohol Craving Scale (PACS) (Flannery et al., 1999) . Cocaine withdrawal symptoms were measured weekly using the Cocaine Selective Severity Assessment (CSSA) (Kampman et al., 1998) . Safety measures included adverse events, which were monitored at each visit.
Statistical analysis
Subjects were first compared on a variety of baseline characteristics to assess randomization balance across the two treatment groups, using chi-square tests for categorical characteristics and t tests for continuous characteristics. The primary analyses did not include additional covariates; characteristics that showed significant imbalance across the groups were examined as covariates in supplementary analyses.
Generalized estimating equation (GEE) models (Diggle et al., 2002) were used to compare the groups on weekly cocaine use, as measured by a combination of three UBT measures, together with self-report based on the TLFB. This was the planned primary outcome measure for cocaine use. Each study week was coded as abstinent or not abstinent based on the following definition: a study week was coded as an abstinent week if the participant reported no cocaine use during the study week, and provided at least two negative and no positive UBT samples during the study week. If the participant reported use, or if they provided at least one positive UBT during the study week, then that week was coded as a use week; otherwise the week was coded as missing. To assess the influence of missing UBT measures, GEE analyses of the UBT measures were performed with missing weeks ignored, and also with missing tests imputed as positive, and finally using pattern mixture models (Molenberghs and Verbeke, 2005) based on the number of available weeks as an indicator of missing data.
Our primary models included terms for treatment groups and for polynomial time effects. We also examined whether group-by-time effects improved the fit of the model. In fitting these models to the data, terms significant at the 5% level were included in the GEE models, as were lower order effects contained in a significant interaction. Empirical standard errors (Wald and Score statistics) were used to assess significance.
Similar models were also used to analyze other repeated outcomes (TLFB, PACS, CSSA, ASI-Drug, ASI-Alcohol, ASI-Days Cocaine Use, CGI-O, CGI-S, MCCS-I, MCSS-F, MCCS-D). Weekly differences in percent days drinking and percent days heavy drinking were the planned primary outcome measures for alcohol use. Retention in study was compared using Cox proportional hazards models, and the binary response of being abstinent for the final three weeks of the study was compared using a logistic regression model.
RESULTS
Baseline demographic and drug use
Subjects entered into the trial were drawn from an original group of 414 cocaine users who were screened for the trial. From this original group of 414, 138 were lost to follow up, 89 did not meet inclusion/exclusion criteria and 17 withdrew consent. On the whole, the two medication groups, topiramate and placebo, were very similar in demographics and baseline drug use characteristics (see Table 2 ). The average age of the subjects was about 45. Most were African American men and most smoked crack cocaine. On average, subjects had used cocaine about 12-13 days in the month prior to treatment and spent around $500 on drugs in the month prior to treatment. They used alcohol 14-16 days in the month prior to treatment, spending about $150 on alcohol during that time. There were no significant differences between the two groups in any baseline demographic or drug use variable.
Treatment retention
Fifty-nine percent of the subjects completed the trial, 46/87 (53%) in the placebo group and 54/83 (65%) in the topiramate group. Survival analysis of time to dropout showed a significant difference between the groups (Log rank test = 22.32, p <.001). Treatment retention, measured by the number of visits attended favored the topiramate group. On average, topiramate-treated subjects attended 25.5 visits and placebo-treated subjects attended 21.6 visits (Kruskal-Wallis 2 (1)=4.24, p=0.04)
UBT Results
The primary a priori outcome for cocaine use was weekly self-reported abstinence from the TLFB supported by UBT results. For the combined UBT/TLFB weekly response, placebotreated subjects had an average of 10.14 (SD=3.67) non-missing treatment weeks, and topiramate-treated subjects averaged 10.60 (SD=3.61), with no significant difference between the groups (Kruskal-Wallis 2 (1)=2.01, p=0.16). For the analysis with missing weeks ignored, the group by time interaction was not significant ( 2 (1)=1.25, p=0.26). The estimated odds ratio in favor of abstinence for topiramate versus placebo was 1.53 (95% CI = 0.94, 2.48), which was not significant ( 2 (1)=2.93, p=0.08). When missing weeks were imputed as non-abstinent weeks, the group by time interaction was not significant ( 2 (1)=1.53, p=0.22) and the estimated odds ratio was 1.40 (95% CI = (0.87, 2.25)), which was again not-significant ( 2 (1)=1.86, p=0.17). The models showed non-significant decreases in use across time (p=0.09 when missing weeks were ignored, and p=0.16 when missing weeks were imputed as non-abstinence).
A pattern mixture analysis showed no interaction between treatment group and the number of missed weeks ( 2 (1)=1. 72, p=0.19) . Repeating all of the above analyses using mixed effects models, which have weaker assumptions on missing data but stronger assumptions on repeated measures structure, yielded essentially the same pattern of results. The general agreement across the GEE, pattern mixture, and mixed effects models suggest that the missing data do not have much effect on our main comparisons.
A comparison of the percent of subjects in each group who were abstinent from cocaine for the last three weeks of the trial, based on self-reported cocaine use supported by UBT results showed a significant difference favoring the topiramate treated subjects, 20% vs. 7%, 2 (1)= 6.7 p=0.01 when missing weeks are regarded as use, and 27% vs. 10%, 2 (1)= 6.23 p=0.01 when missing data are ignored.
Subjects with CSSA scores in the highest tertile (corresponding to patients with CSSA score above 18) on the day of randomization appeared to exhibit larger topiramate effects than subjects with lower scores. Among subjects with CSSA scores greater than 18 (n=59), topiramate-treated subjects, on average, submitted significantly more cocaine negative UBT samples during the trial compared to placebo-treated subjects (17.6 vs. 8.8, t= 2.9, p=.01). In the GEE models with missing data ignored, the interaction between a binary indicator of high CSSA and medication group was significant ( 2 (1)=4.37, p=0.04), with a significant effect in favor of abstinence for topiramate-treated subjects in the high CSSA group (OR=2.45, 95% CI = (1.16, 2.65), p=0.02), and no effect of topiramate in the low CSSA group (OR=1.17, 95% CI = (0.61, 2.24), p=0.63). Similar results were found when missing weeks were imputed as nonabstinent. The interaction between a binary indicator of high CSSA and medication group was significant, 2 (1)=4.66, p=0.03, with a significant effect in favor of abstinence for topiramate-treated subjects in the high CSSA group and no effect of topiramate in the low CSSA group.
Alcohol Use Results
Alcohol use was not significantly different between the two groups. Topiramate treated subjects drank on 16% of days compared to 20% among placebo treated subjects. GEE analysis of percent days drinking over the course of the 13 weeks of the medication phase of the trial showed no difference between the two groups (GEE Z= −1.30, p=0.19). Likewise there was no difference between the two groups in heavy drinking days, defined as more than 4 standard drinks for men and 3 standard drinks for women, which was 10% for topiramate and 14 % for placebo (GEE Z= −0.81, p=0.42). Finally, the mean numbers of drinks per drinking day were 5.21 (se=0.58) for topiramate and 6.10 (se=0.61) for placebo participants, with no significant difference between the groups (GEE Z=−0.76, p=0.45).
Results from Secondary Outcome Measures
We examined the "previous 30 day" measures of days of cocaine use, days of alcohol use, days of alcohol intoxication, and dollars spent on drugs, and the seven composite scores from the ASI obtained at baseline, midway through the trials and at the end of the trial. There were no significant group by time interactions (all p-values > 0.19).
Cocaine craving and alcohol craving were measured weekly using the MCCS and the PACS respectively. Cocaine craving measured by the MCCS declined significantly during the trial in both groups and there were no between group differences. Alcohol craving measured by PACS scores declined significantly over time during the trial (Z= 7.41, p <.001) and scores were significantly lower among topiramate treated subjects (Z= 1.99, P<.05). Improvement was rated by the nurse practitioner weekly using the CGI. Improvement was rated on a scale from very much improved (0) to much worse (6). The improvement scores from CGI were evaluated as dichotomized variables (very much improved and much improved vs. all other scores). GEE models showed a significant trend toward improved/ very much improved over time (Z =7.48, P<.001), but no significant difference in change over time between the two groups (Z= 1.31, p=0.19) .
The CSSA measures overall cocaine withdrawal symptoms. GEE models showed a significant decline in the CSSA composite score over the trial for both groups (Z= 5.97, P<. 001). There was no significant difference found between the two groups for CSSA composite scores (Z = 0.99, p=0.32).
Medication adherence
Medication adherence was measured by pill count. The percentage of pills taken was calculated by subtracting the number of pills returned each week from the number of pills dispensed. Both groups showed good adherence. On average, subjects in the placebo group took 73% of prescribed pills, and subjects in the topiramate group took 78% of their prescribed pills (t = −1.36, df =133, p = .177).
Safety analyses
Adverse events were assessed at each visit. Topiramate was well tolerated. Adverse events were mainly mild and generally evenly distributed between the topiramate and placebo groups (see Table 3 ). The most commonly reported adverse events included sedation, paresthesias, headache, and dry mouth. The only adverse event noted to occur more frequently among topiramate treated subjects was paresthesias (20% vs. 3%).
DISCUSSION
The efficacy of topiramate was evaluated in subjects with both cocaine and alcohol dependence, using a double-blind, placebo-controlled trial. This trial was designed to test topiramate's efficacy as a relapse prevention medication. Therefore, subjects included in this trial were asked to be abstinent from cocaine and alcohol for three days just before being randomized to study medication. While topiramate was not significantly better than placebo in preventing relapse in the majority of subjects, as evidenced by GEE analyses (the planned primary cocaine outcome), there were significantly more topiramate than placebo-treated subjects who achieved three weeks of continuous abstinence from cocaine at the end of the trial (20% vs. 7%). Subgroup analyses revealed that topiramate appeared to be more effective in subjects who entered the trial with more severe cocaine withdrawal symptoms. It is possible that topiramate supported cocaine abstinence due to its anxiolytic properties. It is also possible that topiramate promoted cocaine abstinence by reducing the euphoric effects of cocaine. Topiramate was shown to reduce the reinforcing effects of high doses of cocaine in a human laboratory trial . This effect of topiramate may be particularly useful in cocaine users with more severe cocaine withdrawal symptoms who have been shown to have higher levels of cocaine euphoria (Sofuoglu et al., 2003) .
Although topiramate was superior to placebo in reducing alcohol craving, topiramate-treated subjects did not appear to drink less than those on placebo, as measured by the percent days of drinking, percent days of heavy drinking or drinks per drinking day recorded on a TLFB. The fact that topiramate did not reduce alcohol use better than placebo in this trial is puzzling. In trials of topiramate for alcohol dependence, the main effect of topiramate was seen in reduction of heavy drinking days. Although subjects included in the current trial met DSM IV criteria for both cocaine and alcohol dependence, alcohol use among these subjects was not as severe as is often seen in trials of solely alcohol dependent subjects. The percent days of heavy drinking among subjects during this trial was about 12%, which is much less than the percent days of heavy drinking recorded in a recent trial of quetiapine for alcohol dependence (about 30%; Litten et al., 2012) and much less than the roughly 48% heavy drinking days recorded in a multicenter trial of topiramate for alcohol dependence (Johnson et al., 2007a) . It is possible that a floor effect on heavy drinking days made it impossible to detect an effect in heavy drinking.
This trial has several limitations. The total number of subjects was relatively small and thus the results should be considered preliminary. The study drop-out rate was formidable, though it was comparable with most trials involving cocaine-dependent subjects. The subjects included in this trial were mainly African American residents of a large city who smoked crack cocaine. Therefore, the results of this trial may not generalize to other populations of cocaine and alcohol dependent patients. The subjects included in this trial had to achieve enough cocaine abstinence to submit a BE negative UBT on the day of randomization. Therefore, more severe cocaine-dependent patients, who could not achieve some initial cocaine abstinence, might not respond to topiramate or might need inpatient stabilization prior to starting topiramate.
Despite its weaknesses the results of this trial suggest that topiramate may be beneficial for the treatment of comorbid cocaine and alcohol dependence. More subjects treated with topiramate in this trial achieved a period of stable abstinence from cocaine at the end of the trial. Subjects with more severe cocaine withdrawal symptoms appeared to have benefited the most from topiramate. Flow chart of study participants Kampman et al. Page 11 Drug Alcohol Depend. Author manuscript; available in PMC 2014 November 01. 
